INTRODUCTION
With the growing population of great cormorants Phalacrocorax carbo sinensis throughout Europe, conflicts between fisheries and conservation have intensified. In many countries recreational and commercial fishers claim that cormorants cause severe damage to the fishing and the fish populations (Koed et al., 2006; Steffens, 2011; Klenke et al., 2013) . The significance of cormorant predation on fish in restricted areas like ponds (Adamek et al., 2007) , or pound nets, can readily be established (Dieprink, 1995) , whereas the overall effect on natural fish populations is very difficult to estimate. Disentangling the different factors regulating fish populations is a well-tested, work demanding and often disappointingly futile exercise (Draulans, 1988; Keller, 1997) . However, managers and politicians need documentation of the effects of predation to mitigate the conflicts Behrens et al., 2008) . Thus, several studies on the effects of cormorant predation have been carried out. Most of these have been based on diet analyses using hard parts (otoliths) found in cormorant pellets and despite providing information on the diet of cormorants, methodological problems make it difficult to quantify the predation and even harder to evaluate the effect on a fish population of unknown size (McKay et al., 2003) . An alternative approach is to tag a high number of fish and then try to recover tags from the cormorant colonies or roosting sites. This has been done using PIT (Passive Integrated Transponder) tags, coded wire tags, radio tags and carlin tags (Feltham and MacLean, 1996; Collins et al., 2001; Koed et al., 2006; Sebring et al., 2010; Jepsen et al., 2010) .
Some studies suggest that the increasing abundance of cormorants has caused long-term declines of local fish populations (Lantry et al., 2002; Rudstam et al., 2004; Koed et al., 2006; Jepsen et al., 2010; Fielder, 2010) . Other investigations from both lake and open coastal ecosystems found cormorants to have a low impact on fish communities and fisheries (Linn and Campbell, 1992; Engström, 2001; Barks et al., 2011; Lehikoinen et al., 2011; Östman et al., 2012) . The lack of consensus between results from different studies is a clear sign of the level of complexity of this issue and to enable predictions about the effect of cormorant predation we need to better understand the complex predator-prey relations involved. Numerous studies of the diet of cormorants have provided a basic knowledge of prey species, prey size and seasonal trends in predation pressure. Adult cormorants eat from 250 to 1450 g of fish/day (Gremillet et al., 2003) . Cormorants have not only a wide species range of prey, but also a wide size range. Cormorants eat very small items, such as shrimp and juvenile fish, but also large fish up to 1.5 kg (own observations). The issue of cormorants showing distinct prey preferences is very difficult to investigate, but a review of published diet studies gives the impression that these birds eat every- (Klenke et al. 2013) .
Cormorant predation on PIT-tagged lake fish
Hence the size distribution of prey fish mainly reflects whatever is available for the cormorants to catch. Others argue that the cormorant is an opportunist predator, catching the easiest prey, not necessarily the most abundant (Čech and Vejřík, 2011) . The objective of the present study is to use data from recovered PIT tags to explore species-and size-specific annual predation rates by cormorants on PIT-tagged lacustrine fishes. Since PIT tagging of smaller fish may infer detrimental effects on tagged individuals we focus only on fish above 120 mm. More specific, data from three years tagging and subsequent recoveries is used to i) analyse annual differences in species-and size-specific predation rates for three common species in European lakes: roach (Rutilus rutilus), common bream (Abramis brama) and perch (Perca fluviatilis); and to ii) quantify the level of age/size truncation that cormorant predation could introduce in perch, an important fish for angling as well as for trophic interactions and ecosystem function in European lakes.
METHODS

Study site
The study took place in Lake Viborg (56°26'58.74 N, 9°25'17.98 E) (Fig. 1) . Lake Viborg consists of two basins, a northern part which is slightly bigger, deeper and less eutrophic than the southern (Tab. 1). The two basins are connected by a 50 m long and a 6 m wide canal allowing fish to disperse freely between the basins.
Fish tagging
Fish were sampled by seining in both lake basins and immediately after capture transferred to holding pens placed in shallow water at the lakeside. Here fish were kept until tagging 6-12 hours later. Fish were PIT tagged according to Skov et al. (2005) by surgically implanting a TIRIS Passive Integrated Transponder (PIT) tag (Texas Instruments, RI-TRP-RRHP, half duplex, 134 kHz, 23.1-mm long, 3.85-mm diameter, 0.6 g in air) into the body cavity of the fish. In short, the fish were anesthetised and the tag inserted through a small incision made on the left side of the fish below the sideline slightly posterior to the pelvic fin. After recovery from anaesthesia the fish were released. For roach an evaluation of PIT tagging techniques has shown that the method causes no significant effect on survival or fish well-being i.e., body condition (Skov et al., 2005) . Experimental animal treatment was performed in accordance to the guidelines described in permission ( -DY-2934 ) from the Danish Experimental Animal Committee.
Fish were captured and tagged every autumn in late September/early October. In , 2009 perch, were tagged respectively. For bream, only fish below 600 g were included as fish above this size were considered uneatable for cormorants. This is based on the fact that although several bream above 600 g were PIT tagged only PIT tags from fish up to 565 g were recovered. Maximum weights of tagged roach and perch were 430 g and 476 g respectively and all sizes of roach and perch from 120 mm up to these maximum sizes were PIT tagged. Minimum-maximum (mean) tag to fish weight ratio varied between 0.13-3.35% (0.90%), 0.10-3.11% (0.72%) and 0.13-2.42% (1.05%) for roach, bream and perch, respectively, but with the majority of tags well below the often recommended 2% threshold (but see Jepsen et al., 2004) .
PIT tag recovery
Mortality estimates were based on PIT tags recovered by scanning the cormorants roosting place at the lake side and at a nearby cormorant breeding colony positioned 5.6 km from the lake (Fig. 1) . A more distant breeding colony 39 km away and a roosting place 27 km away were also searched for PIT tags on several occasions during the study period, and two tags were recovered from these breeding colonies. There are no other known cormorant roosting places in the vicinity of the lake. For recovery of the PIT tags a battery powered, portable and hand operated antenna system was used. The system consists of a circular antenna, with a diameter of 38 cm with 4 turns constructed from 9-gauge plastic coated (multistrand) oxygen free copper wire, mounted on wooden poles. The antenna is connected to a control module and an antenna reader frequency module (the two mounted together), a separate antenna tuning module (all Texas Instruments Series 2000) and a data logger recording the ID of tags read. The antenna has a maximum detection distance through air of 60-72 cm depending on orientation of the tag. Tags were allowed to accumulate, i.e. no tags were removed from the breeding colony or the roosting place during the study. The mean efficiency in recovering tags at the Lake Hald colony ( Fig. 1 ) has been calculated to 78% (Boel, 2012) .
PIT tag recovery in the breeding colony and the roosting site was done by systematically scanning the entire area with the portable antenna. Predefined and marked transects helped keeping track of the progress and securing that no area was missed. The roosting site consisted of a group of dead trees at the shore of Lake Viborg with an area of app. 1065 m 2 , about half of which is in the lake littoral zone. The breeding colony is in a group of trees, located on a peninsula at Lake Hald (Fig. 1) .The branches from the trees where the cormorants nest, partly overhang the water. Therefore, data recovery also included scanning the nearshore areas around the colony. The area that was searched for PIT tags at the breeding colony was approx. 1650 m 2 . Scanning both areas took about eight hours on each occasion. During the breeding period we only scanned a part of the colony in order to minimize disturbance of the nesting birds. Hence the estimate of predation is based on a combination of data from the roosting site, data from whole colony scans and from scanning during the breeding season from only a part of the colony (Tab. 2).
Data analysis on species and size specific differences
Preliminary graphical analysis indicated a species specific non-linear effect of fish length on individual predation risk. Consequently, data was analysed using a binomial generalized additive model (binomial GAM) approach to estimate the cormorant predation risk on individual fish. Specifically, predation risk of individual fish was analysed as a non-linear function of body length (using smoothing functions), fish species (factor) and the two-way interaction between these. Additionally, year was included as a factor to allow for potential between-year variation in overall cormorant predation. In summary, the following initial model was fitted to the data: Pred ij =α+species i +f i (length)+year j +ε in which α is the common intercept; species is a three level factor (levels: perch, bream and roach); f(length) indicate species-specific smoothing functions, modelling the species-specific effect of length (penalized regression splines, smoothing parameters estimated using the Un-Biased Risk Estimator criterion (Wood, 2006) ); year is a three level factor; and ε is the error term. A logit link function was used. Parsimonious model selection was performed by stepwise single term elimination of non-significant terms (P>0.05). Significance of model terms was tested using analysis of residual deviance from single term deletions according to Wood (2006) . Statistical analysis was performed in R version 2.15.0 (R Development Core Team, 2012) using the mgcv-package version 1.7-13 (Wood, 2006) .
Effect on size distribution and abundance of the perch population
To investigate the effect of cormorant predation on the perch population size and structure we used a simple age based population model:
Where N is the abundance at age a and Z is the total mortality (Jennings et al., 2001) . We parameterized four instances of this model type to simulate four different mortality scenarios. The first two baseline scenarios reflected situations without cormorants where the main source of perch mortality was predation by pike. Z in these models was estimates from Loch Davan (0.12) and Loch Kinord (0.29) (Treasurer et al., 1992) . The third scenario was based on the cormorant predation rates obtained from the GAM model in the present study. The final scenario included both the cormorant predation from scenario #3 as well as other sources of natural mortality assumed to equal average Z from Loch Davan and Kinord (0.205). As we have no data of the predation rate of untagged fish and aim for a conservative estimate, we assumed no cormorant predation on perch outside the age range of 2 to 9 years (corresponding to the tagged size range from 120 mm to 476 g). Recruitment into the population model at the age of 2, was set to 200 individuals. Hereby the total population size under the mortality scenarios excluding cormorant predation (Z=0.12 or 0.29) equalled 800-1500 perch ha -1 , which is a plausible natural density (Thorpe, 1977) .
The size structures resulting from the four models were furthermore evaluated from a sports fishing perspective, by calculating and comparing the number of trophy perch (>1 kg) in the lake. A perch of 1 kg was estimated to have an age of 12 years, based on the length-weight relation from this study (Length (cm)=0.0055 x weight.(g) 3.35 ) and the age-length relation from Lake Esrum (Skov, unpublished data) , a less eutrophic lake than Lake Viborg.
RESULTS
Species and size-specific differences
In total, 48 visits to the cormorant nesting and roosting colonies were conducted to detect tags from predated PITtagged fish (Tab. 2). In total 277 PIT tags (17%) from the 1625 tagged fish were subsequently recovered (45 bream, 159 roach and 73 perch) and an average of 15% bream, 15% roach and 26% perch were predated annually (Fig. 2) . The GAM final model revealed a significant species specific effect of body length on individual predation risk (χ 2 =60.323, df=5.63, P<0.0001). Generally, larger fish had a higher individual risk of predation, e.g., according to the GAM-analysis, perch between 240 and 300 mm on avTab. 2. PIT-tag recovery protocol for the three study years on the ground below the resting place and the breeding colony. In some months two recovery surveys were conducted and this is also indicated. T,P;R T,P P, R P*2 P P T; R T,P,R 2010/2011 Tagging T,P;R T; R T, R P; R T,P P*2 P*2 P*2 T T T, PIT tag recovery from the entire breeding colony; R, resting place; P, PIT tags recovery from only a part of the colony. erage suffered above 50% risk of predation (e.g., 240 mm: 53%; 95% conf. int. 38%-69%; 300 mm: 57%; 95% conf. int. 31%-80%); with maximum risk at 270 mm (71.5%; 95% conf. int. 51%-86%) (Fig. 3) . However, for perch and bream the predation risk decreased for individuals larger than a given threshold length (perch: ~270 mm; bream: ~300 mm). This pattern was not evident for roach (Fig. 3) . The main effect year was not significant (χ 2 =3.32, df=2.04, P=0.196), indicating that betweenyear variation was negligible and therefore excluded from the final model.
Effect on size distribution and abundance of the perch population
As compared to a system with supposedly relative low avian induced mortality (Loch Davon and Loch Kinord; z=0.12 and 0.29, Treasurer et al., 1992 ) the cormorant predation induced a clear age-and size truncation in the population (Fig. 4, Tab. 3) . Thus, the number of perch >1 kg (age 12 and older) was several orders of magnitude lower when the population was exposed to a high mortality rate as seen in Lake Viborg compared with the Scottish lochs with low natural mortality. Moreover, if the mortality caused by the cormorants was not the sole cause of mortality on the perch population in Lake Viborg, i.e., an additional instantaneous mortality of 0.2 was added (scenario 4), then the age truncation was even stronger (Fig. 4, Tab. 3) . Specifically, the number of perch >1 kg per ha was 351.8, 40.4, 18.9 and 1.4 in scenario 1, 2, 3 and 4, respectively (Tab. 3).
DISCUSSION
In this study, cormorants were shown to be a major predator of lake fish. Roach and bream seemed less vulnerable than perch, but still an average of around 15% of the tagged population was predated annually. For perch, the average annual predation was above 25% of the tagged population. This add to the growing body of evidence that percids (Perca spp.) are particularly vulnerable to cormorant predation (Lantry et al., 2002; Eschbaum et al., 2003; Rudstam et al., 2004; Fielder, 2010; Vetemaa et al., 2010; Bacheler et al., 2011; Emmrich and Duettmann, 2011, Östman et al., 2012 , but see Diana et al., 2006) . The underlying reason for the apparent preference for perch could be related to the behaviour of the fish in terms of flight response (Cosolo et al., 2010) . Similar to species like grayling (Thymallus thymallus), that has been described as stupid in its response to foraging cormorants (Čech and Vejřík, 2011) , we suggest that perch have a slower/weaker flight or hide response than roach or bream. Lab studies have shown that roach can be more alert towards predation than perch, i.e., when exposed to a threat they exhibit escape behaviour at an earlier stage than perch (Ranaker, 2012) . Clearly further studies should be conducted to clarify the mechanisms behind this apparent vulnerability of perch.
Several studies have shown a dominance of small sized fish (i.e., young-of-the-year) in the diet of cormorants (Emmrich and Düttmann, 2011) , or fish below 15 cm (Diana et al., 2006) . As we could only tag fish above 120 mm, no information about predation rates on smaller individual is available from this study. Among the tagged fish there was an increased predation of larger specimen, e.g., perch >240 mm had annual average predation rates above 50%. For perch and bream the predation risk seemingly dropped at lengths above a given threshold. This could be an effect of cormorant mouth size limitation and/or size specific preferences as larger fish generally will be more difficult to handle for the cormorant. However, it should be noted that the relatively low numbers of tagged large fish (e.g., perch above 260 mm) results in a higher degree of uncertainty in the estimated predation risk, as indicated by the widening of the 95%-confidence intervals towards the larger fish (Fig. 3) . Consequently, this should be considered when interpreting the results.
The lower predation on the smallest tagged individuals could be caused by competition between piscivorous fish Tab. 3. Length age class abundance (age 2-20) calculated for Lake Viborg under different predation scenarios. Length to age data are based on data from a less eutrophic lake (Lake Esrum) to keep the estimate conservative. Scenario 1 and 2 represents the survivors to each age class with z=0.12 and z=0.29, respectively. Scenario 3 represents survivors following predation regimes as found in Lake Viborg. The final scenario included both the cormorant predation from scenario #3 as well as other sources of natural mortality (Z=0.205). Z(corm)
is the mortality for each age-class based on the results from the GAM model. See text for further explanation. and cormorants. Thus, the smaller prey fish can be target for a wider range of length classes among the gape-size limited piscivores fish in the lake, and as the tagged fish grow, this competition is relaxed as fewer and fewer piscivorous fish in the lake are able to handle and swallow them. Finally, it is also possible that the cormorants simply maximize their energy budget by aiming at large sized fish. Based on studies of hard parts from cormorant pellets Čech et al., 2008 concluded that Great Cormorants select for larger fish in winter whereas in summer they consume all fish of appropriate size that they are able to catch. Hence if the majority of the predation in our study took place during winter, a selection for larger specimen could be explained. However due to the seasonal differences in sampling procedure, i.e. during summer only part of the colony was searched to minimise disturbance of roosting birds, it was not possible to fully investigate size specific seasonal differences.
Predation on perch and its management implications
Lake Viborg is an urban lake and clearly under strong human influence. The lake ecosystem has been enriched by nutrients from the municipality of Viborg over several decades which have led to eutrophication of the lake. Especially the shallow southern part has low water visibility due to phytoplankton blooms and hence lack of submerged vegetation. Although actions have been taken to reverse this eutrophication, to date no clear effect has been seen (Johansson et al., 2006) . Another anthropogenic impact comes from anglers targeting pike (Esox lucius), perch and pikeperch (Sander lucioperca). The apparent age truncation on the perch population inferred by the cormorants may influence both angling as well as lake ecosystem dynamics i.e., turbidity.
Recreational fishing can have important socioeconomic impacts for example in terms of economy and human health (Aas et al., 2008) . Likewise, perch is a valuable species for anglers on Lake Viborg and based on the results presented here, it is likely that the cormorant predation at Lake Viborg influence the anglers' chance of catching preferred trophy sizes i.e., perch above 1 kg. Without cormorants in the system, the number of potential predators to eat the larger perch would have been lower as only very large pike and pikeperch are able to eat larger perch. This is somewhat confirmed by the Loch Lomond and Loch Davan study (Treasurer et al., 1992) where pike were the main predator on perch, the mortality of perch older than age 3 was very low. Indeed, compared to the mortality in Lochs Kinard and Davan (Treasurer et al., 1992) , the predation rates from cormorants seen in our study results in a dramatic age/size truncation. In addition, if the perch experience other mortality causes than cormorant predation, i.e., predation from pike, perch or pike perch, the age truncation would be even higher. Clearly, since the lake is relative eutrophic, the abundance of large perch is generally low as food competition between roach and perch in eutrophic lakes infer slow growth of perch (Persson and Greenberg, 1990) and often reduce the relative abundance of larger perch in eutrophic shallow lakes (Jeppesen et al, 2000) . Still, the results presented here suggest that the relative few perch that manage to grow big in Lake Viborg are under strong predation pressure, which leaves even fewer fish for the anglers to catch. This is also reflected by the fact that despite intense fishing for perch during the 3-year study period, we never caught and tagged a perch above 500 g albeit larger perch are present as indicated by occasionally reported record perch caught by specialised anglers in the lake (1.4 kg and 1.5 kg in 2008 and 2009, respectively) .
The apparent age/size truncation of the perch population introduced by the cormorants could cascade to lower trophic levels in the lake. Large perch are important predators on zooplanktivorous fish (such as small roach and bream) (Dörner et al., 2003) and any reduction in piscivorous perch hence infer reduced predation pressure on zooplanktivores and this can result in cascading effects (Carpenter et al., 1985) such as decreased zooplankton density, increased density of planktonic algae and ultimately more turbid water. It could be argued that this lack of predation would be compensated by the cormorant predation on roach and bream that also is demonstrated by this study, but since this predation is skewed towards larger specimen who are more omnivorous/benthivorous than zooplanktivorous this argument is not fully valid. Based on the number of recovered tags we conclude that cormorants can play a role in population dynamics of lacustrine fish. It could be argued that the observed patterns are overestimated due to adverse effects of tagging making the tagged fish more prone to predation. However, studies have demonstrated that perch tagged with relatively larger tags than used in this study performed well (Baras et al., 2000; Jacobsen et al., 2002) and for most tagged fish, the tag/bodymass ratio was well below recommended threshold . In contrast we would argue that our results are in fact underestimating the real magnitude of the predation. Firstly, our results are only based on recovered PIT tags and thus are absolute minimum estimates. It is certain that a number of PIT tags are expelled at other places than where we searched. Secondly, it is likely that tags were missed during the recovery process, either because they were positioned out of range of the flatbed scanner or because PIT tag accumulation at the colony resulted in collisions of tag codes (Brännäs et al., 1994) . As the number of PIT tags in the study area increases with time, the risk of PIT tag collisions increases with study period length. PIT tag studies in the vicinity of Lake Viborg, i.e., a study on brown trout in Lake Hald (Boel, 2012) and on lacustrine fishes in nearby Lake Loldrup (Skov et al., 2011; Skov et al., 2013) has most probably increased the collision risk since many tags from tagged cormorant prey fish from these locations also were expelled at the Viborg roosting and breeding sites. Detection efficiency for PIT tags in cormorant colonies has been reported to be in the range of 50-90%, but averaging 57% (Seabring et al., 2010) , and specifically for the cormorant colony at Lake Hald, (Boel, 2012) estimated detection efficiency to 78%. Finally, we excluded predation on individuals larger than 500 g from our age based models, as we did not capture and tag any of those and hence have no valid mortality estimates. It probably would have been more correct to include mortalities on perch between 500g up to 1 kg a size which cormorants can handle and eat (Klenke et al., 2013 ), but we choose not to do this in order to present the most conservative estimate. However cormorants can indeed eat even larger perch and based on angler reports, these are rare but present in the lake. Hence including a cormorant induced mortality rate on these larger perch in the model would have increased the size truncation even further. Adding up, it seems clear that the data presented here are indeed conservative.
It is noteworthy that the colony from which most tags were located is situated at a neighboring lake 5.6 km from the study lake. Hence it is possible that predation would have been higher if the colony was positioned at the lake. This also implies that multiple lakes in the vicinity of colonies can be affected by predation from that colony.
CONCLUSIONS
Here we used data from recovered PIT tags to explore species-and size-specific annual predation rates by cormorants which implies some potential shortcomings. First of all it is only possible to evaluate predation rates on the tagged fish size spectrum, i.e., fish larger than 120 mm. In addition we get no information about absolute predation rate but only relative predation rates. Hence future studies could benefit from combining PIT tag recoveries with other methods such as pellet analyses as well as density estimates of the population size of the prey fish. This would add to a more complete understanding of the potential impact of cormorant predation on fish populations. Still, with this study, we have shown that cormorant is a major predator of lacustrine fish such as roach, bream and perch and unlike i.e., Engström (2001) we argue that cormorants do cause a change in the fish population. Within the size range analysed, there was higher predation on larger individuals for all species although for bream and perch, predation was reduced for the very largest individuals probably due to capture and/or handling constraints of the birds. Perch seems to be the most vulnerable of the three species which is in line with other studies. Based on a comparison with mortality estimates from lakes without avian predation, the cormorants induce age truncation, leaving very few larger perch in the lake. This truncation reduces the likelihood of anglers catching a large perch and could also influence lower trophic levels in the lake and thus water clarity as large piscivorous perch often play an important structuring role in ecosystem functioning. 
